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BALF

:   bronchoalveolar lavage fluid

EBV

:   Epstein Barr virus

EHV‐1

:   equine herpesvirus‐1

EHV‐5

:   equine herpesvirus‐5

EMPF

:   equine multinodular pulmonary fibrosis

HHV‐4

:   human herpesvirus‐4

HPLC

:   high performance liquid chromatography

IPF

:   idiopathic pulmonary fibrosis

NSAIDs

:   non‐steroidal anti‐inflammatory drugs

qPCR

:   quantitative polymerase chain reaction

1. INTRODUCTION {#jvim15230-sec-0006}
===============

Equine multinodular pulmonary fibrosis (EMPF) is a chronic, progressive, interstitial lung disease of adult horses. The disease is characterized histologically by marked interstitial fibrosis and mixed inflammatory cell infiltration of the lungs.[1](#jvim15230-bib-0001){ref-type="ref"}, [2](#jvim15230-bib-0002){ref-type="ref"} The exact pathogenesis and predisposing factors currently remain elusive; however, there is increasing evidence that equine herpesvirus‐5 (EHV‐5) is associated with EMPF. Equine herpesvirus‐5 has been detected from the lungs of the majority of EMPF cases described in the literature, suggesting an etiological link.[1](#jvim15230-bib-0001){ref-type="ref"}, [2](#jvim15230-bib-0002){ref-type="ref"}, [3](#jvim15230-bib-0003){ref-type="ref"}, [4](#jvim15230-bib-0004){ref-type="ref"}, [5](#jvim15230-bib-0005){ref-type="ref"}, [6](#jvim15230-bib-0006){ref-type="ref"}, [7](#jvim15230-bib-0007){ref-type="ref"}, [8](#jvim15230-bib-0008){ref-type="ref"}, [9](#jvim15230-bib-0009){ref-type="ref"}, [10](#jvim15230-bib-0010){ref-type="ref"}, [11](#jvim15230-bib-0011){ref-type="ref"} Furthermore, pulmonary fibrosis has recently been experimentally induced with EHV‐5 isolated from the lungs of horses with EMPF and inoculated endoscopically into the accessory lung lobe of clinically normally horses. Nodular pulmonary fibrosis and myofibroblast induction occurred in the EHV‐5 inoculated horses.[3](#jvim15230-bib-0003){ref-type="ref"} Parallels have been drawn between human idiopathic pulmonary fibrosis (IPF) and EMPF. In IPF, gammaherpesviruses such as human herpesvirus‐4 (HHV‐4; Epstein Barr Virus \[EBV\]) are believed to be important cofactors in development of the condition.[4](#jvim15230-bib-0004){ref-type="ref"}, [12](#jvim15230-bib-0012){ref-type="ref"}, [13](#jvim15230-bib-0013){ref-type="ref"}, [14](#jvim15230-bib-0014){ref-type="ref"}, [15](#jvim15230-bib-0015){ref-type="ref"} Current theories suggest that EHV‐5 might be an inciting cause of epithelial injury in EMPF cases, with the development of an unrestrained, disproportionate healing response resulting in pulmonary fibrosis.[4](#jvim15230-bib-0004){ref-type="ref"}, [7](#jvim15230-bib-0007){ref-type="ref"}

Current treatment of EMPF cases is focused on attempting to control the ongoing pulmonary inflammation and prevent further fibrosis.[5](#jvim15230-bib-0005){ref-type="ref"}, [7](#jvim15230-bib-0007){ref-type="ref"} Corticosteroids and nonsteroidal anti‐inflammatory drugs (NSAIDs) are frequently used to reduce pulmonary inflammation and control pyrexia. Tetracycline antimicrobial drugs, including minocycline and doxycycline, can attenuate the activity of metalloproteinases and are beneficial in murine models of pulmonary disease.[16](#jvim15230-bib-0016){ref-type="ref"} Tetracycline antimicrobial drugs are often employed for their antifibrotic and anticollagenase effects.[5](#jvim15230-bib-0005){ref-type="ref"} Use of the antiviral prodrug valacyclovir has been described in 1 horse with EMPF that was reported to be clinically healthy 2 years after treatment.[11](#jvim15230-bib-0011){ref-type="ref"}, [17](#jvim15230-bib-0017){ref-type="ref"} Valacyclovir is produced by ester linking of acyclovir with the amino acid [l]{.smallcaps}‐valine, increasing the drug\'s oral bioavailability. After oral administration, the prodrug valacyclovir is promptly hydrolysed to acyclovir, an inhibitor of viral DNA polymerase. Valacyclovir has been used both prophylactically and therapeutically in equine herpesvirus‐1 (EHV‐1) outbreaks to decrease viremia and virus shedding.[18](#jvim15230-bib-0018){ref-type="ref"} Treatment of horses with PO administered valacyclovir is relatively expensive and to the authors' knowledge, there are currently no studies investigating the effect of valacyclovir on EHV‐5 viral kinetics in horses with EMPF. We hypothesised that treatment with valacyclovir would decrease the EHV‐5 viral load as measured by real‐time quantitative polymerase chain reaction (qPCR) of blood, nasal secretions (NS), and bronchoalveolar lavage fluid (BALF) in horses with EMPF. The objective of our study was to determine the effect of oral administration of valacyclovir on qPCR EHV‐5 viral kinetics on blood, NS and BALF in horses with EMPF. Plasma samples collected during the maintenance phase of treatment were analyzed by high performance liquid chromatography (HPLC) to ensure the acyclovir concentrations obtained were comparable to previous studies.[15](#jvim15230-bib-0015){ref-type="ref"}, [18](#jvim15230-bib-0018){ref-type="ref"}

2. MATERIALS AND METHODS {#jvim15230-sec-0007}
========================

2.1. Study population {#jvim15230-sec-0008}
---------------------

The study population consisted of 6 adult horses with a median age of 19 years (range 11--22 years) and examined between 2015 and 2017. Four horses were seen at the William R. Pritchard Veterinary Medical Teaching Hospital, School of Veterinary Medicine, University of California at Davis. One horse was seen at the Veterinary Teaching Hospital, College of Veterinary Medicine, Purdue University and 1 horse was examined at Stillwater Equine Veterinary Clinic in Minnesota. The horses belonged to the following breeds: Quarter Horse (n = 2), Warmblood (n = 1), Thoroughbred (n = 1), Paint (n = 1), and Saddlebred (n = 1). The study population included 3 geldings and 3 mares. All horses presented with tachypnea, increased respiratory effort, fever and weight loss. Five horses were diagnosed with EMPF based on consistent histopathological results and qPCR‐positive EHV‐5 testing of lung tissue or BALF. The remaining horse had consistent clinicopathological and diagnostic imaging findings and was qPCR positive for EHV‐5 on testing of BALF but the owners declined confirmation by histopathology and EHV‐5 qPCR testing of lung tissue.

2.2. Sample analysis {#jvim15230-sec-0009}
--------------------

The study was designed as a prospective clinical trial during which horses diagnosed with EMPF would undergo 10 days of treatment with PO administered valacyclovir. This duration of valacyclovir treatment was selected based on previous evidence that 1--2 weeks of PO administered valacyclovir treatment was sufficient to decrease viremia and virus shedding of EHV‐1 in horses.[18](#jvim15230-bib-0018){ref-type="ref"} Throughout treatment, the viral load of EHV‐5 was measured via qPCR of blood, NS and BALF. The horses in our study were treated with a loading dose of 30mg/kg valacyclovir (Valtrex, GlaxoSmithKline, Research Triangle Park, North Carolina) PO q8h for the 1st 48 hours. The dose was then decreased to 20 mg/kg valacyclovir PO q12h for a further 192 hours. This protocol was chosen based on pharmacokinetic studies demonstrating that these dosages achieved appropriate therapeutic concentrations of acyclovir in the blood for treatment of EHV‐1.[19](#jvim15230-bib-0019){ref-type="ref"} Four horses required administration of flunixin meglumine (Banamine, Merck Animal Health, Madison, New Jersey) (0.5mg/kg PO q12h) to control fevers over the 10‐day treatment course. After 10 days of valacyclovir treatment, these 4 horses were administered minocycline (minocycline hydrochloride, Actavis Pharma Inc, Parsippany, New Jersey; 4 mg/kg PO q12h) and dexamethasone (Dexamethasone, Bimeda‐MTC Animal Health Inc, Cambridge, Ontario, Canada; 0.1 mg/kg IV or IM q24h). The remaining 2 horses presented later in the course of the disease process based on severity of diagnostic imaging findings and clinical signs. Therefore, these 2 horses received combination treatment with valacyclovir, dexamethasone (0.1 mg/kg IV or IM q24h), flunixin meglumine (0.5 mg/kg PO q12h), and minocycline (4 mg/kg PO q12h).

Blood and NS for EHV‐5 qPCR were collected every other day during treatment (days 0, 2, 4, 6, 8, and 10). For each horse, whole blood was collected into a 3‐mL evacuated glass vial containing EDTA and refrigerated before processing for nucleic acid extraction. Two 15‐cm rayon‐tipped swabs (Puritan Sterile Rayon Tipped Applicators) were used to collect NS. The swabs were placed into the ventral meatus of either the right or left nostril and allowed to absorb the secretions for approximately 5 seconds while gently turning the swab. After collection of the NS, both swabs were immediately placed into a red‐top tube (no anticoagulant) and refrigerated until nucleic acid processing. Bronchoalveolar lavage fluid was collected on day 0 (before treatment) and day 10 (after valacyclovir treatment was completed). The horses were sedated with a combination of detomidine hydrochloride (Dormosedan, Zoetis, Parsippany, New Jersey; 0.01 mg/kg IV) and butorphanol tartrate (Torbugesic, Zoetis, Parsippany, New Jersey; 0.01 mg/kg IV) for BALF collection. A 240‐cm BAL tube was passed into the ventral meatus of either the left or right nostril and into the trachea. To reduce coughing and irritation during passing of the BAL tube, 50 mL of 1% lidocaine (Xylocaine, Fresenius Kabi USA LLC, Lake Zurich, Illinois IL) was instilled in the distal trachea and bronchi. The tube continued to be passed until it was wedged in the most distal bronchus. The tube was held in position while 240 mL of warm sterile 0.9% saline was injected into the BAL tube. The BALF was then recovered into sterile 60 mL syringes and the fluid was refrigerated until processing for nucleic acid extraction. If multiple syringes of BALF were retrieved, a pooled sample of BALF (equal amounts from each syringe) was submitted for analysis. Pretreatment and post‐treatment BALF qPCR results were available for 5 horses. The 6th horse had the pretreatment BALF analyzed and the owner declined the post‐treatment BAL.

Nucleic acid extraction from whole blood, NS and BALF were performed as previously described.[20](#jvim15230-bib-0020){ref-type="ref"} Briefly, an automated nucleic acid extraction system (CAS‐1820 X‐tractor Gene) was used. Blood, NS, and BALF were assayed for the presence of the glycoprotein B (gB) gene of EHV‐5. All samples were assayed for the presence of the housekeeping gene eGAPDH as previously described to ensure sample quality and effectiveness of nucleic acid extraction.[21](#jvim15230-bib-0021){ref-type="ref"} Standard curves for EHV‐5 and eGAPDH, expressed as EHV‐5 gB gene copies per million cells, were performed to allow complete quantification of EHV‐5 target molecules.[20](#jvim15230-bib-0020){ref-type="ref"}

2.3. Acyclovir assay {#jvim15230-sec-0010}
--------------------

Serum concentrations of acyclovir were determined by HPLC. Blood samples were collected from all horses during the predicted steady‐state phase of treatment (day 4) to determine steady‐state peak and trough plasma acyclovir concentrations.[19](#jvim15230-bib-0019){ref-type="ref"} Peak samples were collected 45 minutes after oral administration of valacyclovir. Trough samples were collected 12 hours after administration of the previous valacyclovir dose, just before the next dose. Ten milliliter of whole blood was collected into a vacuum‐sealed tube containing lithium heparin. The tube was centrifuged within an hour of collection at 2800*g* for 5 minutes. Plasma was separated and frozen at −80°C until analysis. Plasma acyclovir concentrations were determined by HPLC, as previously described.[19](#jvim15230-bib-0019){ref-type="ref"}

2.4. Data analysis {#jvim15230-sec-0011}
------------------

A Mann Whitney test was used to compare the differences in EHV‐5 gB genes per million cells measured by qPCR between day 0 and day 10 for each of the 3 sample types (whole blood, NS, and BALF). *P* values \<.05 were considered statistically significant.

3. RESULTS {#jvim15230-sec-0012}
==========

There was no statistical difference in median EHV‐5 viral load between day 0 and day 10 as measured by qPCR in whole blood, NS, and BALF (Figure [1](#jvim15230-fig-0001){ref-type="fig"}). The median and range EHV‐5 viral loads in gB gene copies per million cells for each sample type are included in Table [1](#jvim15230-tbl-0001){ref-type="table"}. The peak acyclovir concentrations obtained were (mean ± s.d. = 1.48 ± 0.6 μg/mL) and the trough acyclovir concentrations obtained were (mean ± s.d. = 0.53 ±0.26 μg/mL; Figure [2](#jvim15230-fig-0002){ref-type="fig"}); 5/6 (83%) of the horses were euthanized because of progression of clinical signs. These signs included continued weight loss, fevers uncontrolled by administration of NSAIDs and development of respiratory distress. Median time from diagnosis to euthanasia was 34 days (range 18--63 days). One horse is currently alive at 1 year after diagnosis and is maintained on fluticasone (Flovent, GlaxoSmithKline, Research Triangle Park, North Carolina; 2.4 μg/kg q12h inhaled). The horse has gained weight (current BCS = 6/9), complete blood count has normalized and it is clinically healthy with the exception of mild tachypnea.

![Median EHV‐5 viral load (gB gene copies per million cells) in blood, NS, and BALF before treatment (day 0) and after 10 days (day 10) of oral administration of valacyclovir treatment in 6 horses with equine multinodular pulmonary fibrosis](JVIM-32-1763-g001){#jvim15230-fig-0001}

###### 

Median and range EHV‐5 viral load (gB gene copies per million cells) in blood, NS, and BALF during 10 days of oral administration of valacyclovir treatment in 6 horses with equine multinodular pulmonary fibrosis

           Blood    Nasal secretions   BALF                                                                
  -------- -------- ------------------ -------- ------------- ----------- --------------- --------- ------ ---------
  Day 0    7676     575                39,781   2 944 476     184 691     3 394 468 530   59 842    61     315 655
  Day 2    7538.5   412                53,561   7 010 820     453 248     998 849 768                      
  Day 4    5957.5   880                56,122   8 324 702     5858        144 798 989                      
  Day 6    2119     1382               49,853   9 020 104     1 521 240   506 622 081                      
  Day 8    3966     400                15,125   110 967 745   4 455 882   2 032 360 056                    
  Day 10   6822     1136               18,635   8 802 966     251 186     986 784 611     185 083   3562   542 417

![Mean peak and trough plasma concentrations of acyclovir (μg/mL) obtained during the predicted steady‐state phase treatment with PO administered valacyclovir in 6 horses with equine multinodular pulmonary fibrosis. The mean peak and trough acyclovir concentrations obtained in a previous study by Maxwell et al. (2008) are shown](JVIM-32-1763-g002){#jvim15230-fig-0002}

4. DISCUSSION {#jvim15230-sec-0013}
=============

In our study, valacyclovir was not effective at decreasing the viral load of EHV‐5 in horses with EMPF. There was no significant change in EHV‐5 viral load in any of the 3 sample types measured. Individual variation in EHV‐5 viral load was evident in the samples tested over the 10 days of treatment but median values were consistent. In all horses tested, EHV‐5 viral load in BALF increased after the treatment, indicating ongoing viral replication in the lungs. Acyclovir administered PO has poor bioavailability and therefore the use of the prodrug valacyclovir is necessary to ensure adequate acyclovir plasma concentrations.[22](#jvim15230-bib-0022){ref-type="ref"}, [23](#jvim15230-bib-0023){ref-type="ref"}, [24](#jvim15230-bib-0024){ref-type="ref"} Acyclovir has a time‐dependent pharmacokinetic‐pharmacodynamic pattern with trough acyclovir plasma concentrations most predictive of acyclovir efficacy.[18](#jvim15230-bib-0018){ref-type="ref"} Mean trough acyclovir concentration achieved was slightly lower but comparable to the mean trough concentration achieved in the previous Maxwell et al. study.[19](#jvim15230-bib-0019){ref-type="ref"} The mean peak acyclovir concentrations attained were considerably lower than those achieved previously.[19](#jvim15230-bib-0019){ref-type="ref"} These differences were likely attributable to the delivery method of the valacyclovir. In our study, the valacyclovir tablets were administered PO via a syringe in contrast to the intragastric delivery utilized in the previous study. Oral administration of valacyclovir allowed ease of delivery of the drug but might have resulted in a partial loss of the dose.

Our study confirmed that a loading dose of 30 mg/kg PO q8h for 2 days followed by a maintenance dose of 20 mg/kg PO q12h maintains therapeutic serum acyclovir concentrations for the alphaherpesvirus EHV‐1.[18](#jvim15230-bib-0018){ref-type="ref"} In comparison, EHV‐5 is a slow‐growing gammaherpesvirus that is challenging to culture. As a result, establishing anti‐viral sensitivity testing for EHV‐5 is difficult and the IC~50~ for EHV‐5 is currently unknown.[1](#jvim15230-bib-0001){ref-type="ref"}, [2](#jvim15230-bib-0002){ref-type="ref"}, [17](#jvim15230-bib-0017){ref-type="ref"}, [25](#jvim15230-bib-0025){ref-type="ref"} The dose or duration of treatment of valacyclovir in our study might therefore have been inadequate to alter EHV‐5 viral loads. Human studies using valacyclovir in the treatment of the gammaherpesvirus EBV have decreased viral load with prolonged treatment of up to 12 months. Oral administration of valacyclovir (500 mg/day) reduced the number of EBV infected B cells in blood but not the number of EBV DNA copies per B cell.[26](#jvim15230-bib-0026){ref-type="ref"} The cost of valacyclovir treatment in horses (∼\$25/day) makes such prolonged treatment with valacyclovir unpractical for most owners.

Consistent with previous case reports, horses with EMPF had a poor outcome in our study, with 5/6 horses euthanized.[6](#jvim15230-bib-0006){ref-type="ref"}, [8](#jvim15230-bib-0008){ref-type="ref"}, [9](#jvim15230-bib-0009){ref-type="ref"}, [10](#jvim15230-bib-0010){ref-type="ref"} Interestingly, the single surviving horse was the youngest horse in the study and appeared to present earlier in the disease course as evidenced by clinical presentation, less marked radiographic changes and notably lower BALF EHV‐5 viral load on presentation compared with the other horses in the study. Given the irreversibility of pulmonary fibrosis, it appears logical that identifying and treating horses earlier in the disease course to prevent further fibrosis would be more likely to produce a favorable outcome. A similar correlation has been noted in human cases of IPF with improved response to treatment generally noted in younger patients with less marked disease.[27](#jvim15230-bib-0027){ref-type="ref"}, [28](#jvim15230-bib-0028){ref-type="ref"} The combination of strains or genotypes of EHV‐5 present in a horse with EMPF might have clinical importance; however, further work is necessary to determine whether strain variability is an important component of pathogenicity.[29](#jvim15230-bib-0029){ref-type="ref"} In human IPF cases, clinical phenotypes with discrete comorbidities and survival times have been defined. A subset of patients have a rapidly progressive disease course with a shorter survival time known as accelerated IPF.[30](#jvim15230-bib-0030){ref-type="ref"}, [31](#jvim15230-bib-0031){ref-type="ref"} The differences in survival times noted in our study and previous studies might be indicative of varying phenotypes with different rates of progression. Whether this difference is dependent on genetic, environmental, viral or a combination of factors is currently unclear.

The main limitations of our study were the small sample size and nonhomogenous study population because of the sporadic nature of EMPF. In the interests of ensuring the comfort of the horses during the study, treatment with additional medications was necessary. Four cases received NSAIDs and in the remaining 2 cases, delaying conventional treatment with antifibrotic drugs and corticosteroids was considered unethical. Ideally, the effects of valacyclovir would have been considered in isolation with no concurrent treatments. One horse in the study had consistent clinicopathological and diagnostic imaging findings and was qPCR positive for EHV‐5 testing of BALF but EMPF was not confirmed on lung biopsy specimen or on postmortem examination. Recent studies have displayed that detection of EHV‐5 in BALF is very strongly associated with EMPF.[5](#jvim15230-bib-0005){ref-type="ref"}, [32](#jvim15230-bib-0032){ref-type="ref"} The detection of EHV‐5 in BALF combined with consistent diagnostic imaging findings warranted inclusion of this horse as a presumptive case of EMPF.

In conclusion, our study showed that 10 days of oral administration of valacyclovir treatment at the chosen dosage was insufficient to alter EHV‐5 viral kinetics in horses with EMPF. The study did not seek to determine the efficacy of valacyclovir treatment of horses with EMPF. Given the associated costs of treatment, it is recommended that conventional treatment with anti‐fibrotic medications and anti‐inflammatories (steroidal and nonsteroidal) continues to be the mainstay of treatment. There is currently limited knowledge concerning the susceptibility of equine gammaherpesviruses, such as EHV‐5, to antiviral medications.
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